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Robust adaptive synchronized formation control for the transient model
of wheeled mobile robots with terminal sliding mode
ZHAO Dong-ya1y, CUI Wen-hao1, YAN Xing-gang2
(1. College of Chemical Engineering, China University of Petroleum (East China), Qingdao Shandong 266580, China;
2. School of Engineering and Digital Arts, University of Kent, Canterbury CT2 7NZ, England)
Abstract: In the cooperative formation of wheeled mobile robots, the problem how to guarantee that mobile robots
can track their own trajectories while synchronizing motions with others puts forward higher requirements on the design
of control algorithms. A robust adaptive synchronized control with terminal sliding mode based on the algebraic graph
theory is developed to solve this problem. Firstly, the nonlinear kinematics transient model of wheeled mobile robot is
introduced. This model avoids the problem of multi-input coupling mutual interference in general kinematics model. Then,
the synchronized control algorithm is designed according to the cross-coupling errors to realize the motion synchronization,
and the external disturbance of the system is suppressed by the robust control. The adaptive law ensures the real-time
adjustment of the switching gain. The stability analysis is carried out by using the Lyapunov method, which proves the
convergence of the system tracking errors. Finally, the effectiveness of the designed algorithm is verified by MATLAB
simulation.
Key words: kinematic transient model; synchronized control; terminal sliding mode control; adaptive control systems;
graph theory
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讯拓扑的数学工具. 令G = (V; )表示一个无向图,
其中: V = fv1; v2;    ; vng表示由n个节点组成的节






1; (vi; vj) 2 ; i 6= j;
0;其他:
(1)




aij; i = 1; 2;    ; n,则无向图G的拉普
拉斯(Laplacian)矩阵L定义为







































u1 = uc +u;





v1 = vc +v;


















若期望轨迹如图1所示,当t! 0时, , d均为








_d =  (v1 + v2)
2


















_d =  (v1 + v2)
2




















定义x = [x1 x2 x3]T = [d  v]T为状态变量
矩阵,以及控制输入u = [u]. 取y =  = x2为系统
输出.由式(11)(13)可得以下方程:8>>>>>>>><>>>>>>>>:
_x1 =  vc sin(x2   );
_x2 =   2
Ra
x3;









_x = v cos ;










_x1i =  vc sin(x2i   i);
_x2i =   2
Rai
x3i;









和外部干扰等. D满足kDk 6 D0,D0为正实数.
2.2 交叉耦合误差
定义第i个机器人角度误差:











c11 = c22 =    = cii =    = cnn: (19)
由式(18)–(19)可得多移动机器人系统所要实现的
同步约束:





aij(ei   ej); (21)
其中aij为集合A中的元素.
设计双向环形通讯拓扑,如图2所示.
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图 2 通讯拓扑
Fig. 2 Communication topology
并结合式(20),定义位置同步误差:8>>>>>>><>>>>>>>:
"1 = 2c1e1   c2e2   cnen;
...
"i = 2ciei   ci+1ei+1   ci 1ei 1;
...








2c1  c2 0    0  cn
 c1 2c2  c3 0    0
...
. . . . . . . . . . . .
...
0     ci 1 2ci  ci+1 0
...
. . . . . . . . . . . .
...
0    0  cn 2 2cn 1  cn
 c1 0    0  cn 1 2cn
3777777777775
(24)
为同步转换矩阵, T 2 Rnn; " = ["T1 "T2    "Tn ]T; e
= [eT1 e
T
2    eTn ]T.
当c1 = c2 =    = cn = 1时由图论基本概念可
知,同步转换矩阵T即为图2所示通讯拓扑的拉普拉斯
矩阵. 当" = 0时,系统将会满足同步约束(20).
根据文献[24]定义交叉耦合误差如下:
Ei = ei + '"i; (25)
其中: Ei为第i个移动机器人的交叉耦合误差; ' > 0
表示耦合系数. 考虑整个机器人系统并结合式(24),得
到整个系统交叉耦合误差为
E = (I + 'T )e; (26)



















 + _E; (28)
其中: 1 > 0; 0 <  < 1; E由式(26)给出.
对滑模(28)求其一阶导数可得
_s = 1E
 1 _E + E =
1E
 1 _E + (I+'T )e =
1E
 1 _E + (I+'T )(x2   ); (29)
其中: 系统状态x2 = [x21 x22    x2n]T;期望角度
= [1 2    n]T.
将式(16)代入式(29)可得
_s = 1E










其中: 系统状态x3 = [x31 x32    x3n]T;系统控制
输入u = [u1 u2    un]T.
采用如下终端滑模型趋近律,如式(31)所示:
_s =  K1s K2sig(s); (31)
其中: K1 > 0; K2 > 0; 0 <  < 1.
设计如下同步终端滑模控制器:











u2 =  sgn s; (32c)
其中: u1 = [u11 u12   u1n]T为趋近控制律,当D =
0时, u1可保证系统能够有限时间稳定; u2 = [u21 u22












 sTf1E 1 _E + (I + 'T ) 














 2K1V1   2 +12 K2V1
+1











#1(1  )/2  ln
#1V
(1 )=2













xT1 x1   xT1 vcsin(x2   )]; (36)








[(I + 'T ) 1(1E
 1 _E +
K1s+ K^2sig(s)
)  ] +  sgn s: (37)
4 系统稳定性证明


























































xT1 vc sin(x2   ) =
 K1ksk2   kx1k2 6 0: (40)
因此V2是半负定函数,随时间t满足以下条件:
V2(s(t); x1(t)) 6 V2(s(0); x1(0)) <1: (41)
由式(40)可得





















(V2(0)  V2(1)) <1: (44)
由于x1和s均一致连续,根据Barbalat引理[30]可
得: 当t!1时,有x1!0; s!0,即中心偏移x1 = d








1 = 20;  = 0:3; K1 = 2;  = 0:9;
' = 0:1;  = 5;  = 2:82; c = 0:1;  = 1:
切换增益估计值初值为 K^2(0) = 0,干扰项D =
2 sin(0:8t). 期望轨迹设定为8>>>>><>>>>>:
xd = t;
yd1 = sin(0:5xd) + 0:5xd + 2;
yd2 = sin(0:5xd) + 0:5xd + 3;
yd3 = sin(0:5xd) + 0:5xd + 4;
yd4 = sin(0:5xd) + 0:5xd + 5;
(45)
则4辆移动机器人期望航向角为
1 = 2 = 3 = 4 = arctan(0:5 cos(0:5t) + 0:5):
(46)
移动机器人物性参数如表1所示[17].
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表 1 机器人物性参数
Table 1 Robot physical property parameters
参数 描述 数值 单位
Tm 直流电机机械时间常数 0.021 s
kd 直流电机反电动势常数 230 V/s
Ks 移动机器人驱动增益 0.445 V/s
r 驱动轮半径 0.125 m
vc 移动机器人前行速度 2 m/s
i 减速齿轮传动比 29
机器人初值坐标为(0; 0); (0; 1); (0; 2); (0; 3),初















Fig. 4 Heading angle errors
图 5 交叉耦合误差








Fig. 6 Center offset








Fig. 7 Synchronization errors
图 8 控制输入
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